DegP is a periplasmic protease that is a member of both the E and Cpx extracytoplasmic stress regulons of Escherichia coli and is essential for viability at temperatures above 42°C. [U-
Extracytoplasmic stress, such as that caused by heat shock or the overproduction of outer membrane proteins in Escherichia coli, is believed to be caused by the accumulation and aggregation of denatured and misfolded proteins in the membranes and periplasm. Under these conditions the Cpx two-component signal transduction pathway and the alternative sigma factor E direct the synthesis of several proteins that are involved in the degradation and refolding of these denatured and misfolded periplasmic proteins, leading to alleviation of the stress (for a review, see reference 50).
The rpoE gene encoding E is essential for the viability of cells at all temperatures (22) .
E is known to direct the transcription of degP (htrA), fkpA, rpoE, rpoH, and many others (12, 14, 15, 26, 34) . DegP is a protease/chaperone that digests abnormal proteins in the periplasm and has been demonstrated to be necessary for cell viability at temperatures of 42°C and above (33, 35, 55, 57, 58, 59) , and FkpA is a peptidyl prolyl cis/trans isomerase (28, 41) . RseA, RseB, and RseC are involved in regulating the transcription of genes in the E regulon (21, 42) . Under heat shock conditions or upon overexpression of outer membrane proteins, denatured and misfolded proteins in the periplasm are sensed by RseA and/or RseB (38) .
E is then released by the cytoplasmic domain, allowing it to direct transcription of the genes in the E regulon. The Cpx two-component signal transduction system directs the transcription of degP, ppiA, ppiD, dsbA, cpxP, and cpxRA and perhaps other genes not yet identified (12, 13, 14, 16, 46) . PpiA is another periplasmic peptidyl prolyl cis/trans isomerase (36) , and DsbA is a disulfide oxidoreductase involved in the oxidation of disulfide bonds occurring in periplasmic proteins (2) . The expression of the Cpx regulon is regulated by CpxA and CpxR (24, 62) . CpxA is an inner membrane protein that functions as a histidine kinase, while CpxR is the cytoplasmic response regulator (48, 49) . CpxA detects various types of extracytoplasmic stress, such as the overexpression of the lipoprotein NlpE, upon which it phosphorylates CpxR, which then activates transcription of genes in the regulon (55) . The Cpx pathway is also activated by the overexpression of P pilus subunits in the absence of the P pilus chaperone PapD (30, 32) .
Outer membrane phospholipase A (OMPLA) is located at adhesion sites between the inner and outer membranes of E. coli (3) . The crystal structure of OMPLA has revealed that the protein consists of a 12-stranded, antiparallel ␤ barrel, with the active site located on the outer leaflet of the outer membrane (54) . The enzyme hydrolyzes phospholipids at one of the fatty acid ester linkages, creating lysophospholipids (1, 51) . Under normal growth conditions, pldA mutants have no observable phenotype (1, 23) , suggesting that OMPLA is not necessary for normal cell growth. The phospholipase is activated, however, by elevated temperatures (17) , colicin release (7, 37, 47) , phage infections (10), EDTA treatment (27) , spheroplast formation (45) , and membrane-perturbing peptides (29, 63) .
It has been hypothesized that OMPLA activation is induced by perturbation of the membrane. Activation of the enzyme requires calcium (60) and its dimerization (19, 20) and may require the presence of phospholipids in the outer leaflet of the outer membrane (18, 44, 53) . In normally growing cells, OM-PLA is in the monomeric form and the outer leaflet is believed to be composed entirely of lipopolysaccharides. Perturbation of the membrane may release lipopolysaccharides from the outer leaflet, which would be replaced by phospholipids from the inner leaflet, creating areas of phospholipid symmetry within the outer membrane (18, 44, 53) . The presence of phospholipids in the outer leaflet could then induce OMPLA dimerization and activation. If this hypothesis is correct, OM-PLA may be responsible for maintaining the asymmetry of the outer membrane by removing phospholipids from the outer leaflet.
The purpose of this research was to examine the role of OMPLA in extracytoplasmic stress responses. A pldA mutation was found to rescue degP temperature sensitivity and to reduce the amount of periplasmic and cytoplasmic proteins released into the supernatant, in addition to preventing the accumulation of lysophospholipids at elevated temperatures. However, analysis of lacZ fusions to Cpx and to E -regulated genes also indicated that the outer membrane phospholipase plays an important role in the state or structure of the membranes of normally growing cells, since both extracytoplasmic stress regulons were activated in its absence. The overexpression of NlpE, which induces the Cpx response (55) , was also found to rescue degP temperature sensitivity but did not eliminate the accumulation of lysophospholipids at elevated temperatures. The results thus suggest that it is the extracytoplasmic stress response activation rather than the lack of OMPLA activity per se that rescues the degP pldA mutants at the nonpermissive temperature.
MATERIALS AND METHODS
Media, antibiotics, and growth conditions. All strains were grown at 30°C in Luria-Bertani (LB) broth unless otherwise stated, and minimal media was made as described (40) . When necessary, the media was supplemented with ampicillin (100 g/ml), kanamycin (100 g/ml), or 5-fluorocytosine (10 g/ml). The o-nitrophenyl-␤-D-galactoside (ONPG) used for ␤-galactosidase assays was purchased from Sigma.
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Construction of lacZ fusions. Bacteriophage P1vir, grown on MC4100, was used to transduce ⌬(argF-lac)U169 to W3110, CBM, GL93, and GL94, creating GL101, GL102, GL103, and GL104, respectively. Transductants were selected for ⌬codBA on minimal media containing 5-fluorocytosine (4, 43) and were then streaked on minimal medium containing lactose to verify ⌬lac. lacZ fusions were transduced into each ⌬lac derivative of W3110 by using P1vir grown on JMR312, JMR314, or JMR333. The transductants were selected on minimal media containing lactose.
Measurement of colony-forming ability. Strains were grown at 30°C in LB broth (using a New Brunswick G76 water bath shaker) until an optical density at 600 nm (OD 600 ) of ϳ1.2 was reached. Each culture was then diluted and plated on LB agar in triplicate and counted after overnight incubation to determine the viability of each strain at each plating temperature.
Measurement of viability after heat shock. Cultures were grown overnight in LB broth and were then subcultured (1:50) into LB broth and were incubated at 30°C for ϳ2 h, after which the cultures were transferred to 44°C. At the time of transfer and at various times thereafter, the OD 600 for each culture was measured and samples of each culture were diluted and plated as described above. The agar plate contents were then incubated at 30°C overnight, and the colonies on the plates were counted.
Enzyme assays. For ␤-galactosidase assays of lacZ fusion strains, cultures were grown overnight and then subcultured 1:50 and grown to mid-log phase at the indicated temperatures. The assays were performed on 1 ml of bacterial cell culture as previously described (52) by using 20 l of chloroform and 10 l of 0.1% sodium dodecyl sulfate (SDS) to permeabilize the cells. Assay mixtures contained ONPG at a concentration of 10 mg/ml, and the change in OD 420 was recorded and used to determine ␤-galactosidase activity, which was expressed as units (nanomoles/minute)/milliliter/OD 600 . For assays of leakage of cellular proteins, freshly saturated cultures grown at the indicated temperatures were centrifuged for 10 min at 8,000 ϫ g to separate cells from culture supernatants. A cell extract was then prepared by resuspending the cells in the original culture volume of fresh media and rupturing them by two passes through a French pressure cell (Aminco) at a pressure of 16,000 lbs/in 2 . ␤-Galactosidase assays were carried out on the extracts and culture supernatants as described above, except that chloroform and SDS were not used. ␤-Lactamase activity was determined using nitrocefin as the substrate as previously described (61) and was expressed in units (nanomoles/minute)/milliliter/OD 600 . The chloramphenicol acetyltransferase (CAT) protein was quantitated as nanograms/milliliter/OD 600 using an immunoassay as provided and described by Roche Molecular Biochemicals.
Labeling experiments. Cells were prelabeled by overnight growth in LB broth containing 10 Ci of [U-
14 C]acetate (57 mCi/mmol) per ml. The cells were then diluted to an OD 600 of 0.2 in fresh medium and were grown for a further 4 h at the indicated temperatures. The cultures were then sampled, and their lipids were extracted exactly as described previously (7) and were separated by thinlayer chromatography (TLC) using Whatman PE SIL G/UV plates. After TLC, the labeled lipids were located by autoradiography.
General methods. For analysis of proteins released to the culture medium during incubation at various temperatures, samples of 1 ml of each bacterial culture were centrifuged for 1 min at 15,000 ϫ g. The supernatants of each sample were then precipitated at a final concentration of 5% trichloroacetic acid. The precipitated protein was centrifuged and then dissolved in 20 l of electrophoresis sample buffer. The samples were analyzed by electrophoresis on 10% acrylamide SDS-polyacrylamide gel electrophoresis (PAGE) gels and stained with Coomassie blue.
RESULTS
The temperature-sensitive phenotype of degP mutants is suppressed by a pldA mutation. Although the E. coli protease DegP was originally identified on the basis of its degradation of unstable membrane fusion proteins (58) , degP cells are also temperature sensitive for growth. In fact the gene was also identified as htrA in a collection of Tn10 insertion mutants unable to grow at 42°C (33) . In this study, the ability of a pldA mutation to correct the degP temperature-sensitive phenotype at nonpermissive temperatures was first observed by comparison of the plating efficiencies of W3110 and its pldA, pldA degP, and degP derivatives incubated at 30, 37, 42, and 44°C on LB agar ( Table 2) . As demonstrated previously, the degP mutant had decreased colony-forming ability at elevated temperatures with a plating efficiency, relative to that at 30°C, of 30% at 42°C and Ͻ0.001% at 44°C. The degP colonies that did form at 42°C were much smaller than those which formed at 30 and 37°C. The introduction of a pldA mutation to the degP mutant resulted in a substantial rescue of its viability at elevated temperatures. The plating efficiency of the pldA degP mutant was 100% when incubated at 42°C and was 55% when incubated at 44°C. The W3110 pldA degP colonies which formed at both elevated temperatures were also smaller than those that formed at 30 and 37°C but were much larger than those of the degP cells. In order to more specifically address the ability of the various mutants to withstand elevated temperatures, the cells were grown to mid-log phase at 30°C and were then shifted to 44°C for various periods of time followed by plating at 30°C (Fig. 1) . The viability of the pldA degP mutant, measured after incubation for 6 and 8 h at 44°C, was ϳ25 and ϳ35-fold greater, respectively, than that of the degP mutant. In addition to the decrease in viability at the elevated temperature, the OD 600 for the W3110 degP cultures began to decrease after 2 h of incubation at 44°C, while that of the W3110, W3110 pldA, and W3110 pldA degP cultures either decreased very little or not at all during the 8-h incubation period (data not shown).
A pldA mutation suppresses release of cellular protein by degP mutant cells. It has been shown previously that a mutation in the lpp gene, encoding the major lipoprotein, also rescues the temperature-sensitive phenotype of degP mutants, and it was hypothesized that this was due to increased leakage of heat-denatured proteins from the periplasm (59). The viability assays, however, suggested that the temperature sensitivity of degP mutants is suppressed by a pldA mutation, which would be expected to decrease rather than increase damage to cellular membranes. In addition, the drop in OD of the degP cells suggested that these mutants may release cellular material or even lyse at elevated temperatures. Culture supernatants of wild-type cells as well as the degP and pldA degP mutants were therefore examined for release of cellular protein at 30, 37, and 41°C (which allows an essentially normal growth curve for degP cells). SDS-PAGE analysis demonstrated that the W3110 degP cells released protein into the culture supernatant even when grown at 37°C and released much greater amounts when grown at 41°C (Fig. 2) . In contrast, the W3110 pldA degP cells released almost undetectable amounts of protein at 30 and 37°C and only small amounts when grown at 41°C. As expected, control W3110 cells released essentially no protein when incubated at any of the three temperatures.
Assays of the cytoplasmic enzymes ␤-galactosidase and CAT, as well as of the periplasmic enzyme ␤-lactamase, were performed on pBR328 transformants of the three strains in order to quantify the release of these representative proteins from the two cellular compartments (Table 3) . At 37°C, significant amounts of ␤-lactamase and CAT and small amounts of ␤-galactosidase were present in the supernatant of W3110 degP cultures, and at 41°C, large amounts of all three enzymes had been released from the cells. In contrast, the culture supernatant of W3110 pldA degP cells grown at 37°C contained very little of any of the three enzymes, and much less of each enzyme was released when the cells were grown at 41°C. However, at 41°C the double mutant still released ␤-lactamase and CAT, indicating that although protein release is largely prevented by the presence in the degP cells of the pldA mutation, damage to the envelope is not completely eradicated. , and W3110 degP (x) were incubated to an OD 600 of ϳ0.5 at 30°C in LB broth and were then shifted to 44°C at 0 h and were incubated for another 8 h. At the indicated time points, the cultures were diluted and plated at 30°C. Cellular phospholipids are degraded in degP mutants incubated at elevated temperatures. The release of proteins into the supernatant by W3110 degP cells indicated that the permeability barrier of the inner and outer membranes was being compromised at the elevated temperatures, and rescue by the pldA mutation suggested that phospholipid degradation by OMPLA was at least partially responsible for this. This was examined further by growing W3110, W3110 pldA degP, and W3110 degP cells at 30, 37, and 41°C in media containing [U- 14 C]acetate in order to label the cellular lipids. The lipids were then extracted and separated on TLC plates as described in Materials and Methods. Lysophospholipids were not detected in the lipids of W3110 cells which had been grown at any of the three temperatures (Fig. 3) , confirming previous results that the phospholipase is largely inactive during normal growth (1). However, lysophospholipids, including lysophosphatidylethanolamine, at least one lysophospholipid form of cardiolipin, and traces of lysophosphatidylglycerol were present in W3110 degP cells grown at temperatures of 37°C and above, with larger amounts being present at 41 than at 37°C. As expected, no phospholipid degradation was observed in the W3110 pldA degP cells.
A pldA mutation increases expression of Cpx and E regulons. The DegP protease is unique in being regulated as a member of both the Cpx and E extracytoplasmic stress regulons, which may respond to different forms of stress in the cell envelope. If the activation of OMPLA at elevated temperatures was a significant part of the stress that kills degP cells, as suggested by the rescue of those cells by the introduction of the pldA mutation, then the pldA mutation should result in lower levels of stress at elevated temperatures than are experienced by bacteria containing OMPLA. The expression of the Cpx and E regulons was therefore monitored in cells with the various degP and/or pldA mutant backgrounds by measuring the transcriptional activity of dsbA (Cpx regulon), fkpA ( E regulon), and degP (Cpx and E regulon) using lacZ fusions. GL141 [W3110 degP RS88(porfAdsbA-lacZ)], GL142 [W3110 degP RS88(fkpA-lacZ)], and GL143 [W3110 degP RS88(degP-lacZ)], as well as the pldA derivative of each strain (GL131, GL132, and GL133, respectively), were incubated at 30 and 41°C, and assays of ␤-galactosidase activity were performed to determine expression levels of the two regulons. Contrary to expectations, the presence of the pldA mutation resulted in a stimulation of the transcription of all three fusions at both 30 and 41°C (Fig. 4A and B) . Similar results were also seen in W3110 and W3110 pldA derivatives containing the lacZ fusions ( Fig. 4C and D) , except that transcription of all three fusions was lower in the wild type and the pldA mutants than in the degP and pldA degP mutants, respectively. The results thus show that despite removing the possibility of phospholipid degradation, the pldA mutation increased the level of stress experienced by the cells at all temperatures.
Overproduction of NlpE also increases viability of degP mutants but does not prevent degradation of phospholipids. Overproduction of the outer membrane lipoprotein NlpE has previously been shown to induce the Cpx regulon (55) . If the pldA mutation rescues degP cells by hyperinducing extracytoplasmic stress responses, as suggested by the fusion expression analysis, then overexpression of NlpE should also suppress the temperature-sensitive phenotype of degP cells. W3110 degP cells containing either the plasmid pLD404 (which constitutively overproduces NlpE) (55) or pBR322 were shifted to 44°C and then plated at 30°C. As shown in Fig. 5 , the cells overexpressing NlpE were less sensitive to incubation at the elevated temperature, so that after 8 h at 44°C, the viability was ϳ10-fold higher than for the cells containing pBR322. However, W3110 degP(pLD404) cells remained more sensitive to the elevated temperature than W3110 (pLD404) cells, suggesting that as for the pldA mutation, the suppression of the temperature-sensitive phenotype was not complete. The overexpression of NlpE also greatly reduced the leakage of the cellular proteins from the degP mutants, as shown in Table 4 for the release of ␤-galactosidase and ␤-lactamase and as observed in trichloroacetic acid precipitates of culture supernatants (data not shown).
The lipids of these cells were also labeled with [U-14 C]acetate and extracted as described above. Lysophospholipids were not present in W3110(pLD404) but were present in W3110 degP cells containing pLD404 or pBR322 (Fig. 6) . Therefore, overexpression of NlpE did not prevent the activation of the phospholipase in the degP cells, although W3110 degP(pLD404) cells had fewer lysophospholipids present than did W3110 degP(pBR322) cells. 
DISCUSSION
It has previously been demonstrated that the periplasmic protease DegP is essential for cell viability at temperatures above 42°C (33, 59) . The protease, which can also act as a chaperone, appears to be responsible for refolding or hydrolyzing misfolded proteins that accumulate in the periplasm during heat shock (57) . In degP mutants these denatured proteins presumably continue to accumulate until the temperature is reduced or the cell dies, although it is not yet clear what constitutes the lethal event.
In the studies that we report here, it was found that a pldA mutation restores both the plating efficiency at high temperatures and the ability of the degP cells to withstand extended incubation at a temperature of 44°C. In another report of suppression of the temperature-sensitive phenotype of degP cells, it was found that cells which also contained an lpp mutation had an apparently normal plating efficiency (59) . Cells deficient in the major lipoprotein have been shown to be leaky for periplasmic proteins, and it was thus hypothesized that the rescue of the degP cells was afforded by the release of the accumulating misfolded and denatured proteins through the lesions in the envelope caused by the lpp mutation. When we examined the supernatant of wild-type and degP cells, however, we found that cells containing the degP mutation released much more protein than did wild-type cells. Furthermore, the pldA mutation greatly reduced the amount of protein released by the degP cells incubated at elevated temperatures. This indicates that, at least for the pldA mutation, the suppression of the degP temperature-sensitive phenotype is not due to the release of misfolded or denatured periplasmic proteins from the cell.
The presence of lysophospholipids in degP mutant cells incubated at elevated temperatures indicates that OMPLA is activated at these temperatures and hydrolyzes phospholipids of the membranes. The suppression of the temperature sensitivity of the degP mutants by the pldA mutation might be an indication that OMPLA activation is an important contributor to the stress conditions being experienced by the degP cells, perhaps by altering the structure of the membrane environment and causing misfolding or misincorporation of membrane proteins. If this were the case, the pldA mutation would be expected to reduce the amount of stress experienced by the degP mutant cells and to lead to a reduction in the activity of the E and Cpx extracytoplasmic stress responses. However, as shown in Fig. 4 , the pldA mutation was found to induce the Cpx and E stress responses rather than reduce them at all temperatures. This suggests that the pldA mutation may suppress the degP temperature-sensitive phenotype by increasing the amounts of the proteins in the cell that are involved in relieving extracytoplasmic stress, which would act to reduce the number of misfolded and denatured proteins accumulating in the envelope.
Experiments involving the overexpression of NlpE were used to further examine the involvement of extracytoplasmic stress responses in the rescue of the degP temperature-sensitive phenotype. The overexpression of NlpE was previously found to rescue E. coli cells from other lethal stress, such as that caused by the induction of a lamB-lacZ-phoA tripartite fusion, by inducing the Cpx response (55) . Furthermore, cpxA‫ء‬ mutants, which upregulate the Cpx response, were found to suppress the lethal phenotype caused by the LamB-LacZPhoA tripartite fusion (14) . We found that degP cells were also rescued at elevated temperatures and released less protein from the cells when they contained the pLD404 plasmid resulting in overexpression of NlpE. This suggests that the induction of the Cpx response caused by the NlpE overexpression also serves to partially compensate for the absence of DegP in these cells. These results thus support the hypothesis that a pldA mutation suppresses the degP temperature-sensitive phenotype primarily by inducing the Cpx and E responses.
Previous studies have indicated that under normal growth conditions, there is no observable phenotype for pldA mutations in an otherwise wild-type E. coli (1) . However, our findings may have a bearing on other phenomena which have been observed in pldA cells and have therefore been attributed to the lack of phospholipase activity. For example, a pldA mutation was found to reduce colonization of the gastric mucosa of mice by Helicobacter pylori (25) . This was suggested to be due to a decreased ability to penetrate the mucous layer in the absence of the phospholipase. It is also possible, however, that it is due to harmful effects on the structure of the cell envelope in pldA cells, and at least in E. coli, evidence for such an effect is provided by the induction of the stress responses that occurs in the absence of OMPLA. It has also been demonstrated that the release of a number of colicins requires the presence of a functioning OMPLA in the cell (7, 37, 47) . It was further shown that lysophospholipids had accumulated in the moribund colicin-producing cells, and it was thus concluded that activation of the phospholipase and consequent membrane damage was an important part of the mechanism by which the colicin lysis proteins cause the release of the colicins from the producing cells. These interpretations bear reexamination, however, in light of the finding that the absence of the OMPLA causes induction of both extracytoplasmic stress regulons. Given that the colicin A lysis protein has been shown to be a substrate of the DegP protease (9), it would seem possible that the induction of DegP and of other stress-relieving proteins of the Cpx and E regulons plays a major role in the decrease in colicin release in the absence of OMPLA. If this interpretation is correct, then hyperinduction of the extracytoplasmic stress regulons by other means such as the overproduction of NlpE should also reduce the level of colicin secretion.
Our results also add to recent studies which suggest that stimuli other than denaturing proteins may form part of the inducing signal for extracytoplasmic stress responses. Danese et al. (11) were activated by accumulation of the enterobacterial common antigen lipid II biosynthetic intermediate in E. coli membranes. In addition, an E. coli mutant lacking phospatidylethanolamine was shown to express high levels of DegP and displayed other phenotypic effects which could be attributed to activation of the Cpx signal transduction pathway (39) . It is not yet clear whether it is alterations in the lipid components of the membranes or the denaturation of membrane proteins which may occur as a result of these alterations that induces the stress responses. In either case, however, these studies together indicate that membrane lipids play a critical role in the state of the extracytoplasmic compartments of the cell.
In summary, a pldA mutation was found to suppress the temperature-sensitive phenotype of degP mutants. In addition to preventing the degradation of lipids that occurs in degP cells at high temperatures, the mutation strongly reduced the amounts of cytoplasmic and periplasmic proteins that are released from degP cells even at 37°C, a temperature at which phospholipid degradation is minimal and at which the plating efficiency and growth of the cells are not markedly affected. However, in spite of the increased viability and evidence of reduced cellular damage in the pldA mutants, the analyses of Cpx-and E -dependent gene expression in pldA cells indicated that both extracytoplasmic stress regulons were induced in the absence of OMPLA. This suggests that the rescue of the degP mutants in the absence of OMPLA may be due more to the induction of stress responses than to the lack of phospholipase activity. Consistent with this hypothesis, we found that overexpression of NlpE, which induces a stress response as well, also rescues the degP mutants and reduces protein leakage from the cells, without preventing the activation of the phospholipase. Further studies are required to determine the reason why the loss of OMPLA, despite causing no discernible phenotype in laboratory-grown cultures, causes activation of extracytoplasmic stress responses. 
